In excitable cells, membrane depolarization and activation of voltage-gated Ca 2+ (Ca V ) channels trigger numerous cellular responses, including muscle contraction, secretion, and gene expression. Yet, while the mechanisms underlying excitation-contraction and excitation-secretion coupling have been extensively characterized, how neuronal activity is coupled to gene expression has remained more elusive. In this article, we will discuss recent progress toward understanding the relationship between patterns of channel activity driven by membrane depolarization and activation of the nuclear transcription factor CREB. We show that signaling strength is steeply dependent on membrane depolarization and is more sensitive to the open probability of Ca V channels than the Ca 2+ entry itself. Furthermore, our data indicate that by decoding Ca V channel activity, CaMKII (a Ca 2+ /calmodulin-dependent protein kinase) links membrane excitation to activation of CREB in the nucleus. Together, these results revealed some interesting and unexpected similarities between excitation-transcription coupling and other forms of excitation-response coupling.
a b s t r a c t
In excitable cells, membrane depolarization and activation of voltage-gated Ca 2+ (Ca V ) channels trigger numerous cellular responses, including muscle contraction, secretion, and gene expression. Yet, while the mechanisms underlying excitation-contraction and excitation-secretion coupling have been extensively characterized, how neuronal activity is coupled to gene expression has remained more elusive. In this article, we will discuss recent progress toward understanding the relationship between patterns of channel activity driven by membrane depolarization and activation of the nuclear transcription factor CREB. We show that signaling strength is steeply dependent on membrane depolarization and is more sensitive to the open probability of Ca V channels than the Ca 2+ entry itself. Furthermore, our data indicate that by decoding Ca V channel activity, CaMKII (a Ca 2+ /calmodulin-dependent protein kinase) links membrane excitation to activation of CREB in the nucleus. Together, these results revealed some interesting and unexpected similarities between excitation-transcription coupling and other forms of excitation-response coupling.
© 2011 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
Introduction
Excitable cells, such as neurons, convert external stimuli into signals that produce a variety of biological responses. For example, calcium flux through voltage-gated Ca 2+ channels triggers communication to the nucleus to regulate gene expression. This process, known as excitation-transcription (E-T) coupling, is less well understood than other relationships between channel activation and biological output. Indeed, excitation-contraction (E-C) coupling (Armstrong et al., 1972; Chapman and Tunstall, 1981; Hodgkin and Horowicz, 1960; Schneider, 1994) and excitation-secretion (E-S) coupling (Augustine, 2001; Augustine et al., 1985; Katz and Miledi, 1967; Llinas et al., 1981; Schneggenburger and Neher, 2005) have been intensely investigated for more than half a century. E-T coupling involves many modes of signal propagation (voltage, Ca 2+ , and proteins) over widely varying spatial and timescales. The most scrutinized example of E-T coupling is signaling to the transcription factor cAMP * Corresponding author at: Stanford University School of Medicine, Beckman Cen- response element-binding protein (CREB) via phosphorylation at Ser133, which is critical for CRE-mediated gene expression and many adaptive changes in neurons (Carlezon et al., 2005; Lonze and Ginty, 2002) . Compared to the other voltage-gated Ca 2+ channels, Ca V 1 (also called L-type) channels enjoy a big advantage in such signaling over Ca V 2 channels (Deisseroth et al., 2003; Dolmetsch, 2003; Murphy et al., 1991; West et al., 2002) , in part because of their private access to local Ca 2+ -dependent signaling machinery (Deisseroth et al., 1996; Dolmetsch et al., 2001; Weick et al., 2003; Zhang et al., 2005) . However, the molecular mechanisms that allow Ca V 1 channels to decode external cues and send information to the nucleus remain incompletely understood.
In this article, we summarize progress in understanding E-T coupling by addressing the following important questions: (1) What is the stimulus-response (input-output) relationship? (2) How steeply does E-T coupling depend on membrane depolarization, channel gating, and Ca 2+ influx? Is it comparable to E-C and E-S coupling? (3) How do Ca V 1 channels decode information from external stimuli? To address these fundamental issues, we have combined molecular and cellular approaches and electrophysiology with a multidisciplinary systems analysis of cultured superior cervical ganglion (SCG) neurons. Our results indicate that E-T coupling depends on Ca 2+ channel activation in a steeply cooperative manner. This steepness arises from changes in Ca V 1 channel open probability (P o ), but not simply total Ca 2+ influx. Furthermore, our data suggest that by deciphering Ca 2+ channel activity, Ca 2+ /calmodulin (CaM)-dependent protein kinase II (CaMKII) pro-
